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S4i Cofocal optical systems for thickness measurements of patterned wafers. 


(57) An optical system (10) for providing low and 
high resolution images of a patterned wafer (11) 
to provide for film thickness measurements 
thereof. The optical system (10) comprises a 
spectrally filtered light source (18) for providing 
light to illuminate the wafer (11). A low resol- 
ution imaging system (34) is provided for imag- 
ing the wafer (11) at a relatively low resolution. 
A high resolution imaging system (37) is pro- 
vided for imaging a subarea of the wafer (11) at 
a relatively high resolution to create an en- 
larged image in the same object plane as the 
wafer (11). An image producing system (35) is 
provided for producing a visual image of the 
wafer (11) derived from the low and high resol- 
ution images. The high resolution imaging sys- 
tem (37) uses subaperture optical elements, 
comprising either a small scanning lens or a 
sparse array of lenses, to image small areas of 
the wafer (11) at higher resolution, and the 
subaperture optical elements (37) create an 
enlarged image in the same object plane as the 
actual wafer (11). Both areas are then imaged 
onto the image producing system (35) such as a 
CCD array (35) of a CCD camera (35a), by the 
low resolution imaging system (34) (a lens or 
reflector) to provide a common or cofocal feat- 
ure of the present invention. This arrangement 
avoids frequent refocussing to make thickness 
measurements on different parts of the wafer 
(11). The present invention allows the determi- 
nation n? * v fi'rn ih , (. npc-cpr. nf ■ » ♦ r , r . , ' 


thereon. The use of high resolution multispec- 
tral subtmages significantly increases the speed 
at which thickness maps of these patterned 
regions are generated. The invention may also 
be used to measure the that also allows deter- 
mination of position and orientation of the 
wafer (11) since the wafer edges are in focus. 
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BACKGROUND 

The present invention relates generally to film 
thickness measurement systems, and more particu- 
larly, to cofocal optical systems for making film thick- 
ness measurements on patterned wafers. 

Many steps are needed to complete the fabrica- 
tion of a semiconductor chip and it is often desirable 
to measure the thickness of \\ in film layer? thereof to 
view features in the 10 to 100 micron lateral size 
range. This is typically done by scanning a single 
point high resolution optical ; u be across the surface 
of the wafer and making measurements sequentially. 

Typically, a full wafer imaging system requires 
either a large refractive lenj assembly, a parabola- 
based reflector system, or the use of a spherical va- 
cuum chuck to form the wafer into a shallow sphere. 
In the case of the refractive and reflective systems, 
the size of the optical elements approaches the size 
of the largest wafer that is to be measured. These 
large optics requirement leads to high cost and the 
optical elements require caref ul optical design. Form- 
ing the wafer into a shallow sr. here provides an excel- 
lent way of avoiding high cost optical elements al- 
though the deformation of the wafer during chip fab- 
rication may be viewed with 5 uspicion and this prac- 
tice wilt not work at all if the ambient environment is 
a vacuum, such as in an automated ultra-clean wafer 
process line. 

Prior whole-wafer film thickness mappers require 
measurement of multispect ral reflectance over a full 
aperture of the imaging and these mappers generally 
fall into two categories. In the f irst category, the entire 
wafer is imaged onto a NxN pixel CCD array 
(512x512, 1024x1024, or 204 8x2048, for e>ample) to 
provide a spatial resolution at the wafer plane of ap- 
proximately 200 microns per pixel. In the second cat- 
egory, a CCD array attachec to a conventional nar- 
row-field microscope is used provide high resolution 
in the 1 to 5 micron per pixel range. However, covering 
the whole wafer requires mechanical scanning of the 
entire wafer or optical head. 

Accordingly, it is an objective of the present in- 
vention to provide for a film thickness measurement 
system that overcomes the limitations of conventional 
systems. It is a further objective of the present inven- 
tion to provide for cofocal optical systems for making 
film thickness measurements on patterned wafers. 

SUMMARY OF THE INVENTION 

The present invention combines both aspects of 
prior art systems into a single optical system by pro- 
viding a means for imaging the full wafer at low reso- 
lution (200 microns per pixel) and also providing a 
means for imaging one or more high resolution sub- 
fields at a resolution in the 5 to 10 micron per pixel 
range at the wafer surface. A large feed lens or reflec- 


tive optical system lens is used to image the entire 
wafer at lower resolution. Subaperture optical ele- 
ments, comprising either a small scanning lens or a 
sparse array of lenses, are used to image small areas 

5 of the wafer at higher resolution and the subaperture 
optical elements create an enlarged image in the 
same object plane as the actual wafer. Both areas are 
then imaged onto a CCD array of a CCD camera by 
a single lens or reflector to provide a common or co- 
in focal feature of the present invention. This arrange- 
ment avoids frequent refocussing to make thickness 
measurements on different parts of the wafer. 

More particularly, the present optical system 
comprises a spectrally filtered light sources for pro- 

15 vidmg light to illuminate the patterned wafer. A iow re- 
solution imaging system is provided for imaging the 
wafer at a relatively low predetermined resolution. A 
high resolution imaging system is provided for imag- 
ing a subarea of the wafer at a relatively high prede- 

?o termined resolution to create an eniarged image in 
the same object plane asthe wafer. An image produc- 
ing system is provided for producing a visual image of 
the wafer derived from the images provided by the 
tow and the high resolution imaging systems. 

25 The present invention provides a simplified and 

inexpensive full-wafer imaging system that incorpor- 
ates a scanning cofocal optical system to view a pat- 
terned silicon wafer at two or more different magnifi- 
cations. This type of optical system images the whole 

30 wafer onto the CCD camera and in addition allows 
small magnified areas of the wafer to be viewed by 
the same CCD camera, wherein the full wafer and lo- 
cal, high resolution images are in focus at the same 
plane (cofocal). The high resolution image regions 

35 may be selected by moving the cofocal optical system 
(the small scanning lens or the sparse array of lenses) 
across the wafer . 

The present invention allows the determination of 
thin film thicknesses of patterned wafers, planar wa- 

40 fers, and silicon-on-insulator (SOI) wafers, even 
though the spatial frequencies of the patterns are 
radically different in all these cases. As stated above, 
it is often desirable to measure the thickness of thin 
film layers in features in the 10 to 100 micron lateral 

45 size range. The present invention retains the full wa- 
fer imaging and thickness mapping capabilities pro- 
vided by conventional imaging systems and adds the 
ability to make thickness maps of magnified regions 
within a semiconductor chip as well as test pads lo- 

50 cated in scribe alleys thereon. The use of high reso- 
lution multispectral subimages provided by the pres- 
ent invention significantly increases the speed at 
which thickness maps of these patterned regions are 
generated. 

55 The present invention thus provides a means for 

making thickness determinations of films including 
low frequency planar layers on silicon wafers for uni- 
formity determination, SOI wafers and particularly 
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one? containing high slope regions, and patterned 
wafers where the lateral feature size is in the 10 to 
100 micron range. The optical system of the present 
invention may be implemented in the form of a scan- 
ning system for performing diagnostic tests n any part 
of a wafer that is processed, or it may be used in a pro- 
duction mode wherein the subaperture optical ele- 
ments (scanning lens or sparse array of lenses) 
makes measurements of small features at predeter- 
mined locations on the wafer, either in the chip region, 
the scribe alleys, or on test pads located on the sur- 
face of the wafer. The present invention also provides 
an image of the wafer which may be used for wafer 
alignment (i.e., determining wafer position and orien- 
tation). 

BRIEF DESCRIPTION OF THE DRAWINGS 

The various features and advantages of the pres- 

Dnl i n\/o ntiAn rr^iCi w hci mnro rd o/H i I w i inrlarcfAA/H \*/ it h 

reference to the following detailed description taken 
in conjunction with the accompanying drawings, 
wherein like reference numerals designate like struc- 
tural elements, and in which: 

Fig. 1 illustrates an optical system in accordance 
with the principles of the present invention em- 
ploying a scanning lens as a cofocal optical ele- 
ment thereof, and that is adapted to make film 
thickness measurements on patterned wafers; 
Fig. 1a illustrates an embodiment of the optical 
system of Fig. 1 employing a sparse array of lens- 
es as a cofocal optical element thereof; 
Fig. 1b illustrates an enlarged image of a wafer 
imaged by the optical system of the present in- 
vention; and 

Figs. 2a and 2b show paraxial solutions to the 
problem of inserting a magnifying system into an 
optical system without causing the final focal 
point to shift and which are employed in the opt- 
ical system of the present invention. 

DETAILED DESCRIPTION 

Referring to the drawing figures, Fig. 1 illustrates 
one embodiment of an optical system 10 in accor- 
dance with the principles of the present invention em- 
ploying a scanning lens as a cofocal optical element 
thereof, and that is adapted to make film thickness 
measurements of a patterned wafer 11. The optical 
system 10 is comprised of a high intensity light source 
12, such as a halogen lamp 12, whose output is cou- 


are empk >ed to filter the light from the light source 
12 and pn vide for illuminating light in selected re- 
gions of V e spectrum. The use of the high intensity 
light source 12 and the filter wheel 23 provides for a 

5 spectrally filtered light source 18. 

The output of the a convex lens 17 is applied to 
a collimat'ng lens 31 that may be made of plastic, for 
example, that collimates the filtered lightfrom the ha- 
logen lamp 12 and images it through a ground glass 

10 plate or surface 32 that acts as a diffuser 32. The dif- 
fuser 32 c auses the light to scatter and procuces a 
forward sc atter envelope 36 for each point of light pro- 
jected by the collimating lens 31 . The light output from 
the diffuser 32 is applied to a beamsplitter 33 and the 

15 the reflected portion of the light illuminates a wafer 
11. The Sight incident on the wafer 11 is reflected 
therefrom and this light is imaged by a zoom tens 34 
through the beamsplitter 33 on onto a CCD array 35 
of a CCD camera 35a. A moveable cofocal optical sys- 

+*i*-r% "3 7 ^- , . m i~. ^.^^ ^ , j . i ;t. > ^* ^ . . , , , ^+ . 

^ h—iii u( vjuinpiivJiiiy WHO V^l Oi )JIUI Ollljf Ul OUUO|JCI LUIC 

optical elements, and which may be comprise a small 
scanning lens system 37 or a sparse array of lenses 
37 (shown in Fig. 1a) is used to image small areas of 
the wafer 11 at higher resolution. The subaperture 

25 optical elements create an enlarged image in the 
same object plane as the wafer 11 and that is viewed 
by the camera 35a. The zoom lens 34 provides a 
means for imaging the full wafer at 200 microns per 
pixel resolution, for example, and the moveable cofo- 

30 cal optical system 37 provides a means for imaging 
the surface of the wafer 11 to provide for one or more 
high resolution subfields at a resolution in the 5 to 10 
micron pet pixel range, for example, at the surface of 
the wafer 11 . 

35 For the purposes of completeness, Fig. 1a shows 

a portion of the optical system 10 that includes a co- 
focal optic ai system 37 that comprises the sparse ar- 
ray of lenses 37 in place of the small scanning lens 
system 37. The design of the sparse array of lenses 

40 37 is considered routine to those skilled in the art and 
will not bf described in detail herein. 

The optical system 10 of Figs. 1 and 1a are de- 
signed to i rovtde two distinct functions. First the opt- 
ical system 10 allows wafers having up to a 200 mm 

45 diameter to be illuminated by diffuse light from the 
spectrally Altered light source 18. The diffused na- 
ture of the incident light at the wafer 11 eliminates the 
need to mount the wafer 1 1 on a vacuum chuck, since 
light is incident on the wafer 11 at a large range of an- 

50 gles. Second, the small moveable cofocal optical sys- 
tems 37 may be placed anywhere in front of the wafer 


t'-e ' r:'0(je;- -iir-p V. ! f.e Mter w*ieel Z< adaptec 
to .:,sert one of a ; • ,ra:.; v of f .Iters 16 t rlvveen the 
concave lens 1 5 ai d a c<: nvex lens 17. The filters 16 


,L'.re oh. ■ urenent> at fixed locations and V '-may 
oe ac.con . '.shed t y us.ng multiple optical ccU-. a I as- 
semblies "< the form of the sparse array of lei <- es 37 


5 


EP 0 647 828 A2 


6 


placed over the regions of interest. 

The pre sent invention eliminates the requirement 
for large hich quality optical elements and additional- 
ly does not require that the wafer 11 be vacuum- 
chucked to a flat or spherical shape, to match thef ield 
curvature of the investigating optical system. The 
spectrally variable light source 18 used in the optical 
system 10 may be comprised of a 150 watt halogen, 
lamp 12, for example, whose light output is coupled 
through the optical filter 16 by a conventional fiberop- 
tic light waveguide comprising the fiber optic bundle 
13. This arrangement is adapted to sequentially illu- 
minate the surface of the wafer 11 with a large number 
cf narrow tand wavelengths of light. The light from 
the filtered light source 18 is expanded and roughly 
collimated by the relatively large plastic collimating 
lens 31 and scattered by the ground glass screen 32 
or diffuser 32 onto the surface of the wafer 11. In 
practice, the plastic collimating lens 31 improves the 
illumination uniformity, and it has a size that is at least 
equal to the size the largest wafer 11 that is to be 
measured. The relatively large beamsplitter 33 may 
be made of window glass coated with a partially trans- 
parent protected silver coating, and is used to collect 
light reflected from the wafer 11 ana direct it to the 
zoom lens 34 and CCD camera 35a which views the 
e ntire wafer 1 1 . The present system 1 0 has been as- 
sembled in a laboratory environment and provides 
h igh light levels at the CCD camera 35a as well as ex- 
cellent digitized images of SOI and planar coated wa- 
fers 11. 

The CCD camera 35a used in a reduced to prac- 
t'ce embodiment of the optical system 10 comprises 
a 512 x 512 CCD array 35 which can only resolve 400 
microns at the wafer 11 if the entire 200 mm wafer 11 
is matched to the maximum array size (1024x1024). 
Images of patterned wafers 1 1 have small rectangular 
features in the micron level cannot be resolved at this 
low magnification. These features are resolved by 
employing the small cofocal optical system 37 dis- 
posed near the surface of the wafer 11. The cofocal 
optical system 37 is designed to magnify a small por- 
tion of the surface of the wafer 1 1 by f rom ten to twen- 
ty times. If this scheme is used in conjunction with a 
1 024 line CCD camera 35a (pixel size at the wafer 11 
is 200 micron per pixel), then a magnification of 20 
times using the cofocal optical system 37 and addi- 
tional magnification using the zoom tens 34 allows 
features in the tens of microns to be imaged at the 
same focal point. 

Thickness measurements at any point on the wa- 
fer 11 are made by forming images of the wafer 11 on 
the CCD camera 35a at various monochromatic wa- 
velengths in the visible region of the spectrum. The 
images are digitized by a frame grabber for example, 
and then data is coupled to a processor 38 or comput- 
er 38 that is used to derive the spatial variations of the 
reflectance of the wafer 11 caused by differing thick- 


nesses of the film. In the case of an SO! wafer 11, for 
example, a library 39 of reflectance values for differ- 
ent values of the outer film thickness of the wafer 11 
is precalculated atall of the different wavelengths and 
5 is used tof ind a match between the measure sampled 
spectra! reflectances generated by the system 10 and 
the precalculated sampled spectrum stored in the li- 
brary 39 by using a conventional feast squares fitting 
technique. 

10 In general, this least squares pattern matching 

technique may be used to measure the thickness of 
any layer (and possibly two layers) if the reflectance 
of the wafer 11 is accurately modelled from an accu- 
rate knowledge cf the optica! constant of the materials 

15 in the layers of the wafer 11. Therefore, thickness 
measurements of high resolution images of integrat- 
ed circuit (IC) structures provides accurate thickness 
measurements if the images truly represent changes 
in reflectance of IC structures in a chip pattern and if 

20 the optical constants are well characterized. 

Referring to Fig. 1 b, it illustrates an enlarged im- 
age of the wafer 11 imaged by the optical system 10 
of the present invention. Fig. 1b shows an in focus im- 
age including the wafer edges and alignment features 

25 on the periphery of the wafer 11. The wafer may be 
configured with flat edges or notches or other fea- 
tures that assist in registration and location. The pres- 
ent optical system 10 is adapted to ensure that the 
surface of the wafer 11 and IC structures thereon ap- 

30 pear to be located at the same plane so that both im- 
ages are focussed onto the CCD array 35 by the com- 
mon zoom lens 34. When this is accomplished, the 
full aperture images may be used for thickness meas- 
urements on areas that are greater than 400 microns 

35 in extent, as is the case for the special test pads used 
for process control. Other test areas in scribe alleys 
(100 micron x 1000 microns long) may also be used 
for thickness measurement resolution, and better 
than 50 micron per pixel may be achieved. To obtain 

40 higher resolution in the range of 5 microns/pixel re- 
quires sufficient color correction (the wavelength re- 
gion needing color correction is from 4000 A to 8000 
A) and is a matter of detailed optical design. 

Figs. 2a and 2b show paraxial solutions to the 

45 problem of inserting a magnifying system, comprising 
the moveable cofocal optical system 37, into an exist- 
ing optical system without causing the final focal point 
(at the CCD array 35) to shift. Two lenses L 1( L 2 are 
shown in Figs. 2a and 2b and correspond to the co- 

50 focal optical system 37 and the zoom lens 34, respec- 
tively in Fig. 1. In Fig 2a, the first lens provides a 
virtual erect image P' of the surface of the wafer 11 
derived from an image P since the surface of the wa- 
fer 11 is located within the focal length of the first lens 

55 L-i. This virtual image P' is magnified to produce im- 
age P", but it is in the wrong plane and is moved back 
to the plane of the wafer 11 by being reimaged by the 
second (negative) lens L 2 to produce the image P\ 
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Fig 2b s> cws a similar scheme using two positive 
lenses L 2 to reposition an inverted image P* de- 
rived fron an image P at the original object plane to 
produce the image P". If and m 2 are the magnifi- 
cations ar d u 1( v 1f u 2 , v 2 are the object and image dis- 5 
tances of the two lenses L 1t L 2 , then m = ittvtv and 
satisfies the condition u - + u 2 + v-^ + v 2 = 0, which en- 
sures thai the final image is in the original object 
plane. In this case the focal lengths f 1( f 2 of the two 
lenses L 1t L 2 are related by the equation w 
m 2 (1+m 1 )-fi + m 1 (1+m 2 ) 2 f 2 = 0. The cofocal condition 
occurs when u -i +u 2 +v-i + v 2 = 0. This condition con- 
strains thf image to be in the same plane as the ob- 
ject that is viewed (the wafer surface). In practice the 
magnifying system or moveable cofocal optical sys- 7? 
tern 37 may need three positive lenses so that the pu- 
pils of the scattering screen 32 or the zoom lens 34 
can be imaged onto one of the subsystem lens aper- 
tures. 

Thus there has been described a new and im- ?o 
proved optical systems for making film thickness 
measurements on patterned wafers that also allows 
determination of wafer position and orientation. It is to 
be understood that the above-described embodiment 
is merely illustrative of some of the many specific em- 25 
bodiments which represent applications of the princi- 
ples of the present invention. Clearly, numerous and 
other arrangements can be readily devised by those 
skilled in the art without departing from the scope of 
the invention. 30 


Claims 

1. An optical system (10) for imaging a patterned 35 
wafer (11), said system characterized by: 

light producing means (12) for providing 
light tc illuminate the patterned wafer (11); 

low resolution imaging means (34) for im- 
aging the wafer (11) at a relatively low predeter- 40 
mined resolution; 

high resolution imaging means (37) for im- 
aging a subarea of the wafer (11) at a relatively 
high 1 redetermined resolution to create an en- 
larged image in the same object plane as the wa- 45 
fer (11), and 

image producing means (35) for producing 
a visual image of the wafer (11) derived from the 
images provided by the low and the high resolu- 
tion imaging means (34. 37). 50 


high resolution imaging means (37) is character- 
ized by a sparse array of lenses (37) that is adapt- 
ed to focus an image onto the image producing 
means (35). 

4. The optical system (10) of Claim 1 wherein the 
image producing means (35) is characterized by 
a camera (35a) and a zoom lens (34) that is 
adapted to focus an image onto the camera 
(35a). 

5. The optical system (10) of Claim 4 wherein the 
high resolution imaging means (37) is character- 
ized by a relatively small scanning lens (37) that 
is adapted to focus an image onto the camera 
(35a). 

6. The optical system (10) of Claim 4 wherein the 
high resolution imaging means (37) is Character- 
ised h\/ o e r o rc ^ o rnw nflnnr. nf > / Q 7 \ :~ - H s r. t 
~ j ^^.^^.vjittjjf w 1 iL.itoi.0 ^1 } uiai ia audit- 
ed to focus an image onto the camera (35a). 

7. The optical system (10) of Claim 1, 

wherein the light producing means (12) is 
characterized by a high intensity spectrally fil- 
tered light source (12); 

wherein the low resolution imaging means 
(34) is characterized by: 

a fiber optic bundle (13) optically 
coupled to the light source (12) for transmitting 
light provided thereby; 

a lens group (15, 17) optically cou- 
pled to the fiber optic bundle (13) for receiving the 
light transmitted thereby; 

a collimating lens (31) optically 
coupled to the lens group (15, 17) for collimating 
the light transmitted thereby; 

a diffuser (32) optically coupled to 
the collimating lens (31) for causing the light to 
scatter therefrom to provide a diffused light 
source (18); 

a beamsplitter (33) optically cou- 
pled to the diffuser (32) for reflecting light onto 
the patterned wafer (11); 

a zoom lens (34) for imaging light 
reflected from the wafer (11) at a first predeter- 
mined resolution onto the image producing 
means (35); 

wherein the image producing means (35) 
is characterized by a CCD array (35); and 

wherein the high resolution imaging 


- ; < ■:-( jHj :■<-,," tnat is my tier (nan tht- tt - MUiun uMhp 

orr lens (34) to create an pnhirij^d >v\r+w 'm the 
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and wherein the optical system is further 
characterized by a processor (38) coupled to the 
CCD array (35) that comprises a library (39) con- 
taining reflectance values that correspond to dif- 
ferent values of film thickness that are precalcu- 5 
lated at different wavelengths, and wherein the 
processor comprises means for determining the 
reflectance of the wafer (11 ) using from the high 
and low resolution images, and means for com- 
paring the computed spectral reflectance to the 10 
^recalculated values to determine the thickness 
of the film of the wafer corresponding thereto. 


8. The optica! system CO) of C'sim 7 wherein the 

high intensity spectrally filtered light source (12) 15 
comprises a halogen lamp. 

9. The optical system (10) of Claim 7 wherein the 
lens group (15, 17) comprises a concave lens 

(1 5) and a convex iens (17). ;-o 

10. The optical system (10) of Claim 7 wherein the 
high intensity spectrally filtered light source (12) 
comprises a motor drive (21) coupled to a filter 
wheel (23). ?5 
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(57) An optical system (10) for providing low and 
high resolution images of a patterne-j wafer (11) tc pro- 
vide for film thickness measurements thereof The opti- 
cal system (10) comprises a spectrally filtered light 
scurce (18- lor providing light to illuminate the wafer 
(11). A low resolution imaging system (34) is provided 
for imaging the wafer (11) at a relatively low resolution 
A hgh resolution imaging system (37 : is provided for 
imaging a subarca of the wafer (11 * n\ a relatively high 
resolution to curate an enlarged image :n the same ob- 
ject plane as the wafer (11). An image? deducing system 
(35} is provided for producing a visual ir r .age of the wafer 
Mi donved 'rom the tow -md ^:g-- . - ! .jt ir- ; n images 
Ire nigh resolution imaging system -37) uses subaper- 
tuie optical elements, comprising cither a small scan- 
ning lens or a sparse array of lenses to image small 
arc dS of the wafer ( 11 ) at higho- rrsr c ji.on. and the sub- 
ape r ! u r c c phc a I elements ( 37 ) c : eatc ar c nla r gcd image 
in the same cbject plane as the act wafer (11) Both 
are-s are then imaged onto the rr< !•• :•• p-< due mg system 
(35; such as a CCD array (35) of a COD camera (35a) 
by v- c lew resolution imaging system (34) (a 'ens or re- 
flector) to provide a common or ccfocal feature of the 
present invention This arrangement avc ids frequent re- 
focussmg to make thic kness measurements on different 
pans of the wafer (11) The present mve ntion allows the 
or ir r-T- mat on of thin film thicknesses c 1 patterned wa- 


mticantly increases the speed at which thickness maps 
of these patterned regions are generated The invention 
may also be used to measure the that also allows de- 
termination of position and orientation of the wafer (11) 
since the wafer edges are in focus 
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